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Creation of an anti-imaging system 
using binary optics
Haifeng Wang1, Jian Lin1, Dawei Zhang1, Yang Wang2, Min Gu3, H. P. Urbach4, Fuxi Gan2 & 
Songlin Zhuang1
We present a concealing method in which an anti-point spread function (APSF) is generated using 
binary optics, which produces a large-scale dark area in the focal region that can hide any object located 
within it. This result is achieved by generating two identical PSFs of opposite signs, one consisting of 
positive electromagnetic waves from the zero-phase region of the binary optical element and the other 
consisting of negative electromagnetic waves from the pi-phase region of the binary optical element.
An imaging system forms an image by detecting the reflection, scattering or transmission of the electromagnetic/
acoustic field of an object. Therefore, to hide an object from detection, one must prevent the detection of reflec-
tion, scattering or transmission from an object1. In a practical situation in which the detection system in question 
is a satellite or radar, which is typically located above the object of interest, one could design a special cover, such 
as a ground-plane carpet2–9. An alternative solution is to design a special shell10–17 that causes all incoming light 
to propagate within the shell and bypass the center region and then to restore the incoming light field on the 
opposite side10–17. This approach is actually an anti-imaging technique that attempts to de-resolve an object rather 
than to resolve it. Here, we wish to demonstrate that an imaging lens can be turned into an anti-imaging lens to 
hide a given target using binary optics to generate an anti-PSF (APSF) in the focal region of a lens. In effect, such 
a binary optics system changes the PSF of the lens into an APSF, resulting in a large dark area in the focal region. 
Any object located inside this dark area does not scatter or reflect any electromagnetic waves; all electromagnetic 
waves bypass the object as if it does not exist.
Results
As shown in Fig. 1, to prevent the detection of an object by a probing electromagnetic plane wave from a far-away 
radar system, we generate an APSF using a binary optical element and a lens, and we place an object inside this 
APSF. This APSF ensures that all electromagnetic waves will bypass the target that we wish to hide. The binary 
optical element consists of a multi-belt phase element with a phase shift of Pi between each pair of adjacent belts. 
In our experiment, we use a phase-type spatial light modulator (SLM) to generate a reflective focusing lens with 
an effective NA of 0.001. Then, we combine the phase of the binary optical element with it to modulate a laser 
beam, as shown in Fig. 2. The parameters of the binary optical element are shown in equation (7). The wavelength 
of the laser is 633 nm. An APSF is generated in the focal region of the effective lens. To show the concealing capa-
bility of this APSF, we print the white characters “OECEUSST” with font size of 7 on black background paper so 
that the characters will stand out if they are probed by the laser beam. Then, we place this paper in the APSF. As 
shown in Fig. 2, the character “U” in the string “OECEUSST” is invisible because the entire light field bypasses the 
center region in the APSF, so that no light field is scattered when an object is put there, as if it does not exist at all. 
The font size of 7 is 1.94 mm, corresponding to approximately 3064 wavelengths of the light. If we use a 1.0 THz 
wave, this APSF can hide an object approximately 1.0 meter wide. Because the THz waves range from 0.1 THz 
to 10 THz, this APSF can hide an object of 0.1 meter to 10 meters wide. The size of the APSF can be increased or 
decreased by changing the numerical aperture (NA) of the focusing lens.
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Figure 1. Schematic of an anti-imaging setup consisting of a concentric multi-belt binary optical element 
and a focusing lens. Radar waves from the left side go through the binary element and lens, which bypass a 
specific 3D region surrounding the focal point, forming a free space of 3D concealment.
Figure 2. Experimental verification of the concealing capability of the anti-imaging system. A collimated 
laser beam projects onto a reflective phase-type SLM, which generates a phase distribution representing the 
combination of the binary optics and the thin lens shown in Fig. 1. The reflected beam from the SLM forms 
an APSF in the focal region. The target consists of the white string “OECEUSST” with a font size of 7 on black 
background paper. When the APSF is projected onto the target, the letter “U” in the string located in the center 
of the APSF is concealed.
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Methods
The radius of each belt is obtained by finding the local minimum of the light-field intensity in a 3D space near 
the focal region of the imaging lens. This process can be simplified by finding the local minimum with a flat 
response along the optical axis18–22 and along the transversal direction. Binary-optics technology is often applied 
to obtain super-resolution and produce non-diffraction beams18–20, generate longitudinally polarized light21, 
create large-scale single-beam optical traps for atoms22 and extend the depth of field for stimulated-emission 
depletion fluorescence microscopy (STED)23. Here, this technology is adopted to disable the imaging capability 
of a radar system. As an example, we choose a lens with a numerical aperture (NA) of 0.8, and the simulated 
APSF is shown in Fig. 3a. It is clear that the field in the focal region essentially reaches zero within 4 wavelengths. 
Therefore, any object located within that region is invisible because it produces no scattering. For comparison, the 
simulated PSF of the imaging system without the binary optical elements, which is much smaller than the APSF, 
is calculated and plotted in Fig. 3b. Any object that might be detected by the radar system can now be hidden in 
the APSF region.
This anti-imaging system was designed using the vector focusing method18–21. When a linearly polarized light 
field is focused by a lens, the light field in the focal region is expressed as follows:
ϕ= − +E iA(I I cos2 ) (1)x 0 2
ϕ= −E iAI sin 2 (2)y 2
ϕ= −E 2AI cos (3)z 1
where
∫ θ θ θ θ θ θ= +
α
I cos sin (1 cos )J (kr sin )exp(ikz cos )d (4)0 0 0
Figure 3. The simulated APSF, PSF, positive PSF and negative PSF in the focal region of a lens with 
NA = 0.8. (a) The APSF generated by the lens and a binary optical element consisting of zero and pi phases.  
(b) The PSF generated by the lens. (c) The positive PSF, consisting of positive electromagnetic waves, 
generated by the zero-phase region of the binary optical element. (d) The negative PSF, consisting of negative 
electromagnetic waves, generated by the pi-phase region of the binary optical element.
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∫ θ θ θ θ θ=
α
dI cos sin J (kr sin )exp(ikz cos ) (5)1 0
2
1
∫ θ θ θ θ θ θ= −
α
I cos sin (1 cos )J (kr sin )exp(ikz cos )d (6)2 0 2
Here, α = arcsin(NA) denotes the largest focusing angle, ϕ represents the azimuthal angle, k is the wave number, 
and Jn(n = 0, 1, 2) are the nth-order Bessel functions. The constant A is defined as A = πl0 f/λ, where l0 = 1 indi-
cates uniform illumination and f is the focal length. The field in the APSF shown in Fig. 3a is calculated by super-
posing the fields originating from the various belts of the binary optical element18–24, and the optimization process 
involves finding a series of radius values for the binary optics with the goal of obtaining a constant zero axial and 
radial intensity within a certain region22. As an example, we select a lens with NA = 0.8; then, the corresponding 
series of radius values for the binary optics system is found to be as follows:
= . = . = . = . = . = . =r r r r r r r0 055, 0 213, 0 401, 0 600, 0 785, 0 932, 1 (7)1 2 3 4 5 6 7
The APSF extends approximately 4 wavelengths along the transversal direction and 4 wavelengths along the 
axial direction. The size of the dark region (APSF) can be adjusted by choosing lenses with varying NA values. 
The relationship between the size of the dark region and the NA is as follows: in the transversal direction, the 
APSF size is inversely proportional to the NA, i.e., ~1/NA, while in the beam-propagation direction, it is inversely 
proportional to the square of the NA, i.e., ~1/(NA)^2.
Therefore, by choosing different NA values and wavelengths of electromagnetic waves, different sizes of APSF 
can be achieved, as shown in Table 1. It is clear that, for visible light, large APSFs cannot be generated using this 
method; therefore, it is not possible to hide large objects from visible light25. However, for radar waves, from milli-
meter waves to meter waves, larger APSFs of a few meters to tens of meters can be achieved, which makes it possi-
ble to hide bulky objects. The APSF shown in Fig. 3a is actually the result of combining the positive PSF shown in 
Fig. 3c and the negative PSF shown in Fig. 3d, where the positive PSF is generated by the zero-phase region of the 
binary optical element, and the negative PSF is generated by the pi-phase region of the binary optical element20–22. 
The positive light in the positive PSF and the negative light in the negative PSF offset one another, resulting in a 
dark region22. We first performed large-scale dark-spot generation in 2001 using positive and negative light from 
a binary optical element to trap atoms22; now, this technology has found an application in anti-imaging.
In fact, when the NA of the focusing lens is decreased, the sizes of both the positive PSF and the negative PSF 
increase. In the extreme case, when the NA of the focusing lens is zero, both the positive PSF and the negative PSF 
become plane waves; then, it is possible to use an anti-radar system to generate negative radar waves to protect 
a given target. For example, suppose a probing radar wave is sent toward an object. This wave is captured by an 
anti-radar device, which generates an anti-radar wave and projects it toward the object, so that the radar wave and 
the anti-radar wave offset one another near the object, causing a dark region surrounding the object and thereby 
hiding it.
In summary, we have proposed an anti-imaging technique based on an APSF generated using binary optics. 
The binary optics system is used to generate two identical PSFs of opposite signs, one consisting of positive 
electromagnetic waves and the other consisting of negative electromagnetic waves. The positive electromagnetic 
waves originate from the zero-phase region of the binary optical element, and the negative electromagnetic waves 
originate from the pi-phase region of the binary optical element. The combination of the positive and negative 
electromagnetic waves in the focal region creates a large dark region, thus forming an APSF. The APSF can be 
used to hide objects meters long when a low-NA focusing lens and radar waves are used. We can also treat 
the positive electromagnetic waves as the waves from a probing radar system and the negative electromagnetic 
waves as the ones from an anti-radar system; the anti-radar waves can be used to offset the radar waves in a cer-
tain region to protect a specific target. Currently, binary optics technology has found applications in achieving 
super-resolution1,18–21,26, producing non-diffraction beams18–20, generating longitudinally polarized light21, creat-
ing large-scale dark-spot optical traps for atoms22, extending the depth of field for stimulated-emission depletion 
fluorescence microscopy (STED)23 and, now, anti-imaging. We expect that this technology may yet be applied to 
still more fields27. Dark spots of submicron size have also been generated through structured illumination28–29 or 
thermal effects in stacks30, which can be used in concealment29 or optical tweezing30. It would be interesting to 
combine the index matching technique with binary optics31,32, which may make the binary optics system itself 
invisible.
NA wavelength
APSF size 
(transversal)
APSF size 
(axial)
0.8 1.0 m 4.0 m 4.0 m
0.1 1.0 m 32 m 256 m
0.001 633 nm 2 mm 1.620 m
0.001 2000 nm 6.4 mm 5.118 m
0.001 0.3 mm 960 mm 768 m
Table 1.  The APSF sizes for different NA values and wavelengths.
www.nature.com/scientificreports/
5Scientific RepoRts | 6:33064 | DOI: 10.1038/srep33064
References
1. Wang, H. F., Sheppard, C. J. R., Koustuban, R., Ho, S. T. & Vienne, G. Fighting Against Diffraction: Apodizer and Near Field 
Diffraction Structures. Laser & Photonics Reviews, 6, 354–392 (2012).
2. Li, J. & Pendry, J. B. Hiding under the carpet: a new strategy for cloaking. Phys. Rev. Lett. 101, 203901 (2008).
3. Gabrielli, L. H., Cardenas, J., Poitras, C. B. & Lipson, M. Silicon nanostructure cloak operating at optical frequencies. Nature Photon. 
3, 461–463 (2009).
4. Valentine, J., Li, J., Zentgraf, T., Bartal, G. & Zhang, X. An optical cloak made of dielectrics. Nature Mater. 8, 568–571 (2009).
5. Ma, H. F. & Cui, T. J. Three-dimensional broadband ground-plane cloak made of metamaterials. Nature Commun. 1, 21 (2010).
6. Ergin, T., Stenger, N., Brenner, P., Pendry, J. & Wegener, M. Three-dimensional invisibility cloak at optical wavelengths. Science 328, 
337–339 (2010).
7. Ma, Y. et al. First experimental demonstration of an isotropic electromagnetic cloak with strict conformal mapping. Sci. Rep. 3, 2182, 
doi: 10.1038/srep02182 (2013).
8. Shin, D., Urzhumov, Y., Lim, D., Kim, K. & Smith, D. R. A versatile smart transformation optics device with auxetic elasto-
electromagnetic metamaterials. Sci. Rep. 4, 4084, doi: 10.1038/srep04084 (2014).
9. Zhou, F. et al. Hiding a Realistic Object Using a Broadband Terahertz Invisibility Cloak. Sci. Rep. 1, 78, doi: 10.1038/srep00078 
(2011).
10. Chen, H. & Zheng, B. Broadband polygonal invisibility cloak for visible light. Sci. Rep. 2, 255, doi: 10.1038/srep00255 (2012).
11. Farhat, M. et al. Platonic Scattering Cancellation for Bending Waves in a Thin Plate. Sci. Rep. 4, 4644, doi: 10.1038/srep04644 (2014).
12. Shalaev, V. M. Transforming light. Science 322, 384–386 (2008).
13. Leonhardt, U. Optical conformal mapping. Science 312, 1777–1780 (2006).
14. Pendry, J. B., Schurig, D. & Smith, D. R. Controlling electromagnetic fields. Science 312, 1780–1782 (2006).
15. Cai, W., Chettiar, U. K., Kildishev, A. V. & Shalaev, V. M. Optical cloaking with metamaterials Nat. Photon. 1, 224–227 (2007).
16. Schurig, D., Mock, J. J., Justice B. J., Cummer, S. A. & Pendry, J. Metamaterial electromagnetic cloak at microwave frequencies. 
Science 314, 977–980 (2006).
17. Leonhardt, U. & Tyc, T. Broadband invisibility by non-euclidean cloaking. Science 323, 110–112 (2009).
18. Wang, H. F., Shi, L. P., Yuan, G. Q., Miao, X. S., Tan, W. L. & Chong, T. C. Subwavelength and super –resolution nondiffraction beam. 
Appl. Phys. Lett. 89, 171102 (2006).
19. Wang, H. F. & Gan, F. X. High focal depth with pure phase apodizer. Applied Optics, 40, 5658–5662 (2001).
20. Wang, H. F., Chen, Z. Y. & Gan, F. X. Phase-shifting apodizers for increasing focal depth. Applied Optics, 41, 5263–5266 (2002).
21. Wang, H. F., Shi, L., Luk’yanchuk, B., Sheppard, C. J. R. & Chong, T. C. Creation of a needle of longitudinal polarized light in vacuum 
using binary optics. Nature Photon. 2, 501–505 (2008).
22. Yin, J. P., Gao, W. J., Wang, H. F., Long, Q. & Wang, Y. Z. Generation of dark hollow beams and the applications in laser cooling of 
atoms and all optical-type Bose-Einstein condensation. Chinese Phys. B, 11, 1157 (2002).
23. Hao, X., Kuang, C., Li, Y. H. & Liu, X. A method for extending depth of focus in STED nanolithography. J. Opt. 14 045702 (2012).
24. Wang, H. F., Yuan, G. Q., Tan, W. L., Shi, L. P. & Chong, T. C. Spot size and depth of focus in optical data storage system. Opt. Eng. 
46, 065201 (2007).
25. Cho, A. Invisibility cloaks for visible light must remain tiny, theorists predict. Science 329, 277–277 (2010).
26. Wang, H. F. Super-resolution technique in high density optical data storage. (PhD thesis, 2001).
27. Jin, G. F. Binary Optics. (National defense industry press, Beijing China, 1998).
28. Kim, M. S., Assafrao, A. C., Scharf, T., Wachters, A. J. H., Pereira, S. F., Urbach, H. P., Brun, M., Olivier, S., Nicoletti, S. & Herzig, H. P. 
Submicron hollow spot generation by solid immersion lens and structured illumination. New Journal of Physics, 14, 103024 (2012).
29. Sun, J. B., Zeng, J. W., Wang, X., Cartwright, A. N. & Litchinitser, N. M. Concealing with Structured Light. Sci. Rep. 4, 4093, doi: 
10.1038/srep04093 (2014).
30. Assafrao, A. d. C., Wachters, A. J. H., Pereira, S. F. & Urbach, H. P. Near-field self-induced hollow spot through localized heating of 
polycarbonate/ZnS stack layer. Appl. Opt. 51, 7684–7689 (2012).
31. Christ, S. & Schurtenberger, P. Optical Contrast Variation Experiments in Water-in-Oil Microemulsions: Size Distribution and 
Structure of Protein-Free and Protein-Containing Microemulsions. J. Phys. Chem. 98, 12708–12714 (1994).
32. Ricka, J., Borkovec, M. & Hofmeier, U. Coated droplet model of microemulsions: Optical matching and polydispersity. J. Chem. 
Phys. 94, 8503–8509 (1991).
Acknowledgements
Haifeng Wang gratefully acknowledges support from the 973 project No. 2015CB352001 and the Program for 
Special Appointment Professors (Eastern Scholar) at the Shanghai Institutions of Higher Learning. Min Gu 
thanks the Australian Research Council for its support under its Laureate Fellowship Scheme (FL100100099). 
This work is partially supported by the National Natural Science Foundation of China (61378060), the Dawn 
Program of the Shanghai Education Commission (11SG44), the National Natural Science Foundation of China 
(61137002), and the Science and Technology Commission of Shanghai Municipality (11JC1413300).
Author Contributions
H.W., F.G. and S.Z. initiated the idea. H.W., M.G. and H.P.U. performed the calculations. H.W., J.L. and D.Z. 
prepared the figures. H.W., Y.W., M.G. and H.P.U. drafted the manuscript. All authors contributed to the scientific 
discussion and revision of the article.
Additional Information
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Wang, H. et al. Creation of an anti-imaging system using binary optics. Sci. Rep. 6, 
33064; doi: 10.1038/srep33064 (2016).
This work is licensed under a Creative Commons Attribution 4.0 International License. The images 
or other third party material in this article are included in the article’s Creative Commons license, 
unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© The Author(s) 2016
